The genetic relatedness of 223 invasive Escherichia coli strains that cause either meningitis or urosepsis without meningitis in young infants was determined by multilocus sequence typing (MLST), ribotyping, and phylogenetic polymerase chain reaction grouping. We also determined the serotypes and virulence genotypes (on the basis of 11 virulence genes). Escherichia coli is the leading cause of invasive gramnegative infections in infants !3 months old. In this age range, the most frequent invasive E. coli syndrome is urosepsis, which complicates up to 30% of urinary tract infections [1, 2] . E. coli rarely causes meningitis; nonetheless, when it does, a high risk of death and sequelae is present [3, 4] . E. coli meningitis is generally secondary to bacteremia via gut translocation [5] . However, meningitis may be also a complication of urosepsis, occurring in ∼20% of cases [6] . The pathophysiology of these invasive infections due to extraintestinal pathogenic E. coli (ExPEC) strains is not fully understood; in particular, it is unclear whether different
ExPEC strains are indifferently associated with all such invasive diseases in young infants or whether particular clones are associated with meningitis or urosepsis.
Initial evidence that certain clones are associated with specific clinical syndromes came from serotyping studies, with some serotypes being overrepresented among adults with pyelonephritis (O6:K2:H1) or among neonates with meningitis (O18:K1:H7). However, serotyping alone is not sufficiently discriminatory and may falsely group unrelated strains [7, 8] . Finer methodssuch as multilocus enzyme electrophoresis (MLEE) [9] , outer membrane profiles [8] , polymerase chain reaction (PCR) typing [10] , and ribotyping [11, 12] -have improved our knowledge of the genetic organization of ExPEC strains. Multilocus sequence typing (MLST) is a relatively new technique that uses nucleotide sequences of internal fragments of selected genes as the unit of comparison [13] . As a result, MLST has the major advantage of being highly reproducible and, therefore, comparable between laboratories in different countries. MLST may become one of the reference methods to characterize E. coli clones. To investigate the pathophysiology of invasive E. coli syndrome in young infants, we used a MLST approach combined with O serogrouping, phylogenetic PCR grouping, ribotyping, and virulence genotyping methods to characterize 186 E. coli meningitis strains in comparison to 37 urosepsis strains isolated from young infants without meningitis.
MATERIALS AND METHODS
Some of the strains studied here belong to previously described collections [12, 14] . The E. coli meningitis strains were isolated from the cerebrospinal fluid of young infants !3 months old in France ( ), North America ( ; R. Bortolussi, n p 140 n p 37 Halifax, Canada; D. Goldmann, Boston; K. Kim, Baltimore; and J. Badger, Los Angeles, United States), The Netherlands ( ; L. Spanjaard, Amsterdam), Greece ( ; Siryngon p 3 n p 1 poulos, Patras), Finland ( ), and Germany ( ; J. n p 3 n p 2 Hacker, Würzburg). The urosepsis E. coli strains ( ) were n p 37 isolated by blood culture from patients !3 months old who were free of major urinary tract abnormalities [14] and who had community-acquired E. coli urinary tract infections diagnosed at Hôpital Robert Debré (Paris). All of the strains were stored at Ϫ80ЊC until use.
MLST was performed on all 223 strains for this study and focused on a ∼500-bp stretch spanning 7 housekeeping genes (aspC, clpX, fadD, icdA, lysP, mdh, and uidA), following the protocol described by Whittam et al. on the EcMLST Web site (http://www.shigatox.net/) [15] . PCR amplification and sequencing were performed by Genoscreen (Lille, France). Sequences were reviewed by visual inspection with Chromas software (version 1.45; Technelysium). The ClustalW program (version 1.7) was used to align the sequences [16] . The 7 gene sequences were concatenated for each strain (3732 letters), yielding the sequence type (ST). Sequences were submitted to the EcMLST database, and new STs with strain information (including serotypes) were deposited in the database. Strains differing by only 1 or 2 nt were attributed to the same clonal complex or ST complex (STc) [17] , referring to the major corresponding ST in the EcMLST database. Phylogenetic trees were constructed by means of the MEGA3.1 program [18] from synonymous distances, using the neighbor-joining algorithm. Bootstrap confidence values for each node of the tree were calculated over 1000 replicate trees. Serotyping was performed for this study on all E. coli isolates at the E. coli Reference Center of Spain (J.B.).
For additional strains not included in previous published collections, phylogenetic PCR grouping and ribotyping were performed as described elsewhere [19] . The ribotype nomenclature used here has been described in a previous study [12] . Known ExPEC virulence genes (sfa/foc, sfaS, iroN, ibeA, papC, papGII, papGIII, hlyC, cnf1, iucC, and fyuA) were detected using a PCR-based method that has been described elsewhere [11, 12, 20] . These virulence genes, combined with the K1 capsular antigen, were used to determine the virulence genotype of the strain.
The diversity of the meningitis and urosepsis collections was calculated using the Simpson index:
, where n is 2 1 Ϫ S(n/N ) the number of strains belonging to a particular clone and N is the total number of strains [21] . Proportions were compared between groups by use of Pearson's x 2 test or Fisher's exact test, as appropriate.
was considered to denote significant P ! .05 differences. The Bonferroni adjustment was used for multiple comparisons [22] .
RESULTS
The overall results of the molecular and phenotypic studies of the meningitis and urosepsis E. coli strain collections are shown in figure 1. Our 223 strains belonged to 39 STs clustered in 29 STc, 20 ribotypes, 26 O serogroups, 10 H serogroups, and 39 virulence genotypes. Twelve new STs (689-700) of not-yet-defined clonal groups were attributed by the EcMLST team (GenBank accession numbers EF141350-EF141510). Strains sharing the same ST, the same serotype, and the same virulence genotype were considered to belong to the same clone (96 clones, each represented by 1 line in figure 1 ). The phylogenetic tree obtained by MLST analysis was in perfect accordance with major phylogenetic group segregation (A, B1, B2, and D), as determined by PCR assay. Although the MLST data were also in global agreement with the ribotyping data, the former method was more discriminatory (29 STc vs. 20 ribotypes). This was evident with group B2, which comprised 14 STc and only 7 ribotypes. However, in group B2, the meningitis archetypal clonal group, O18:K1:H7, could not be distinguished by MLST from the recently identified clone, O45:K1:H7, that causes meningitis in France [12] . Moreover, MLST was not more discriminatory than ribotyping for group A strains, composed of only 2 STc. Overall, 86% of our strains were distributed among 8 major STc gathering at least 5 isolates.
Twenty-six O serogroups were found, and several were distributed among the different phylogenetic groups. Serogroup O2 strains belonged to phylogenetic groups A, B2, and D, and serogroup O1, O8, O14, O16, O23, O45, and O77 strains were each detected in 2 different phylogenetic groups. Among group B2 strains, some serogroups were present within several STc (O14 in STc317, STc698, and STc29; O2 in STc27 and STc29; and O83 in STc696, STc692, and STc697). In contrast to the ubiquitous distribution of these serogroups, 3 serogroups (O6, O7, and O18), each composed of at least 10 strains, were restricted to a single STc. Of note, 2 French meningitis strains of serogroup O77, belonging to group D, were found to belong to the worldwide uropathogenic clonal group A by a PCR detection method described elsewhere (data not shown) [23] .
Combined ). On the other hand, 3 virulence P p .0008 profiles sharing papGII, sfa/foc, hlyC, and the 3 iron-uptake systems and lacking K1 antigen were significantly more frequent in the urosepsis group than in the meningitis group (table 1) .
DISCUSSION
In the present study, we used a combination of MLST and serogrouping (sequence O typing) to subtype large, well-characterized collections of ExPEC strains involved in different invasive syndromes in young infants. MLST has been used previously to investigate evolutionary pathways underlying the pleomorphic lifestyle of E. coli [24] [25] [26] or to characterize particular clonal groups [17, 27] . Our data extend our knowledge of the molecular epidemiology of invasive ExPEC infections in young infants and may have significant pathophysiologic implications.
Our study provides new information on the E. coli serotypes involved in neonatal meningitis. Neonatal meningitis strains have historically belonged mainly to serogroups O1, O7, O18, and O83 and more recently have belonged to serogroup O45 [4, 8, 12, 28] . The predominance of these serogroups was confirmed in our international collection, but we also showed that serogroup O16 is important in the United States. Moreover, O83:K1 strains, initially detected in The Netherlands [4] , were found to be much more widely distributed, being present in France, Germany, and the United States. Besides these major serogroups, our study shows that invasive E. coli serogroups are highly diverse in the different phylogenetic groups. Even group A, which comprised only 2 STc, contained 10 serogroups. This may indicate that group A strains, although less virulent and belonging to the commensal digestive flora, are subjected to host immune pressure in the gut, resulting in similar O antigen diversification. Finally, most serogroups were ubiquitously distributed among the major phylogenetic groups and STc, likely reflecting the known horizontal transfer of O antigen gene clusters [29] . However, interestingly, certain O antigens were restricted to a single STc. Surprisingly, one of these was the highly frequent and worldwide-distributed antigen O18 ( ). The reason for this restriction is unknown, but this n p 49 observation may suggest that certain O antigen gene clusters may be untransferrable. Given that antigen O18 is a known virulence factor in meningitis strains [30] , our findings support the hypothesis that a particular genetic background is required for the acquisition and expression of O18 antigen. However, this hypothesis may be restricted to E. coli meningitis strains, because antigen O18 has been found among different clonal groups of strains from other clinical sources [8] .
MLEE-based studies have previously linked O18:K1:H7 strains to certain O2:K1 and O1:K1 strains, which all together correspond to a major extraintestinal pathogenic subgroup [9] . This link was confirmed very recently by means of MLST [26, 31] . Here, by applying MLST with a different set of genes than the preceding authors, we confirm, on a larger scale, that these K1 strains are closely related and belong to STc29. Of note, we found that the O45:K1 serotype also belongs to this clonal group, along with 2 new serotypes, O14:K1 and O77:K1. This STc is of particular interest, because certain O serogroups among STc29 may be specifically related to particular syndromes. Strains belonging to STc29 O2 and STc29 O18 had very different extraintestinal pathogenicity: the former can be responsible for urosepsis but not meningitis, and the latter can cause meningitis in neonates but only exceptionally causes urosepsis. In contrast to O18 antigen, which is exclusively linked to STc29, we found that O2 antigen was distributed among several STc and was involved in both urosepsis and meningitis (figure 1), indicating that O2 antigen alone cannot be used to predict the pathogenic type. Thus, our approach allowed us to associate a specific invasive syndrome with a sequence O type. STc29 O45 , to our knowledge, is the first major clone clearly implicated in both urosepsis and meningitis in young infants, and this dual capability implies that strains belonging to this clone might cause urinary tract infection followed by bacteremia and then meningeal invasion in the same host. Indeed, 20% of cases of neonatal E. coli meningitis are secondary to urinary tract infection [6] . In contrast-and of particular interest-our results suggest that gut translocation, which is the main initial step that precedes the crossing of the blood-brain barrier [5] , is the main, or even the exclusive, pathway followed by O18:K1:H7 strains. Overall, our study indicates that the vital risk would not be the same in young infants with urinary tract infection due to STc29 O2 or STc29 O45 strains. Comparative molecular studies of these 2 clones would identify genetic determinants involved in meningovirulence of STc29 O45 . In this respect, the ongoing full-genome sequencing of S88, a representative O45:K1:H7 strain, should have important implications (see http://www.genoscope.cns.fr/). Among the 8 major STc accounting for 86% of our strains, 2 belong to group A, which is usually associated with fecal commensal strains. Although most group A strains are reported to belong to 1 STc (STc10 in Achtman et al.'s MLST database [7] ), we found that our ExPEC group A strains broke down in 2 major STc. This suggests that at least 2 different genetic backgrounds within group A have been able to acquire ExPEC virulence traits.
The large number of virulence genotypes ( ) found in n p 39 our collection illustrates the difficulty of linking a particular syndrome solely to a combination of ExPEC virulence determinants [32] . Indeed, the most frequent virulence genotype was equally represented in both invasive syndromes. However, 4 virulence genotypes could be specifically attributed to 1 of the 2 invasive syndromes (table 1). Three of these virulence genotypes were linked to urosepsis and had in common papGII, sfa/foc, and 3 iron-uptake systems and were K1 negative. One of the best examples of virulence-genotype polymorphism concerns STc29
O18
; it harbors 7 virulence genotypes, of which 4 were represented by a least 5 strains. This sequence O type corresponds to the well-known O18:K1:H7 clone, which causes adult cystitis and neonatal meningitis and which, on the basis of outer membrane proteins (OMPs), is traditionally divided into 2 subclones, OMP6 and OMP9 [8] . Typically, OMP6 strains are hemolytic (hly), express P fimbriae (papC), and lack the aerobactin siderophore system (iutC), contrary to OMP9 strains [8, 33] . We found that the STc29 O18 subtype (O18:K1: H7) was much more complex, containing 4 major subgroups of at least 5 strains (hly positive, papGIII positive, and iutC negative; hly positive, papGIII negative, and iutC positive; hly negative, papGIII negative, and iutC positive; and hly negative, papGIII negative, and iutC negative). The virulence genotype of STc29
O18 strains thus appears to be particularly polymorphous relative to that of STc301 O7 and STc29 O45 strains. This polymorphism suggests that STc29
O18 may correspond to one of the oldest groups, one that has undergone multiple deletions and/or acquisitions of virulence genes. This hypothesis is consistent with the various O18:K1:H7 subclonal populations distinguished by pulsed-field gel electrophoresis in a study by Moulin-Schouleur et al. [34] . In contrast, the single virulence type that predominates in STc29 O45 indicates that this clonal group may have emerged more recently.
In conclusion, our results point to the existence of specialized invasive E. coli subtypes that cause either urosepsis or meningitis in young infants. Among ExPEC strains that cause neonatal meningitis, the STc29 O18 subtype (O18:K1:H7), although harboring a variety of virulence factors, appears to be almost unable to cause urosepsis in neonates, suggesting that the pathophysiology of O18-associated meningitis begins with gut translocation. In contrast, our study reveals that a new invasive clone, STc29 O45 (O45:K1:H7), is able to cause both meningitis and urosepsis in infants, suggesting that strains of this clone could cause meningitis through either the mesenteric or urinary tract pathway and may be considered to represent a new "multipotent" ExPEC clone.
